H eart failure (HF) as a consequence of ischemic, hypertensive, or valvular heart disease is known to be more common in bundle-branch blocks (BBBs) than in normal ventricular conduction. Left BBB (LBBB) has been associated with excess risk of incident HF in some studies, 1-4 but right BBB (RBBB) has not been found to predict incident HF. [5] [6] [7] Overall, available data are limited about specific BBB categories as predictors of incident HF, particularly in women. Therefore, the aim of the present study was to evaluate independent prognostic significance of BBBs in predicting incident HF, and further to evaluate whether repolarization abnormalities associated with BBBs contain additional prognostic information.
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Outcome Ascertainment
The outcome considered in the present investigation was incident HF that occurred from baseline through September 24, 2010. The followup period was ≤17 years (mean, 14.2 years). Cardiovascular disease (CVD) at baseline was defined by myocardial infarction according to the Minnesota Code (MC) 11 or the Novacode 12 criteria, or a history or clinical diagnosis of myocardial infarction, angina pectoris, coronary artery bypass surgery, coronary angioplasty, congestive HF, or stroke at the time women entered the WHI study.
Incident HF during the follow-up was defined as hospitalization HF as diagnosed by a physician and the patient receiving medical treatment for HF, with corroboration of pertinent abnormalities in diagnostic testing by noncentralized review of medical records. 9 Records were obtained and adjudicated every 6 months for self-reported HF hospitalizations, as well as possible HF events found during adjudication of other cardiovascular outcomes (eg, myocardial infarction). Three cardiologists reviewed all records independently using the WHI diagnostic criteria [13] [14] [15] to identify HF cases. Surveillance for HF did not include ascertainment or confirmation of nonhospitalized cases. The WHI criteria required a physician diagnosis of HF and medical treatment for HF during the index admission, with or without an imaging procedure showing impaired systolic or diastolic left ventricular (LV) function. The classification required a specific combination of major and minor criteria. Disagreements were resolved by consensus decision.
ECG Methods
Identical electrocardiographs (MAC PC, Marquette Electronics Inc, Milwaukee, WI) were used at all clinic sites, and resting, 10-second standard simultaneous 12-lead ECGs were recorded in all participants using strictly standardized procedures. All ECGs were processed in a central ECG laboratory (initially at Dalhousie University, Halifax, NS, Canada and later at the Epidemiological Cardiology Research Center, Wake Forest School of Medicine, Winston-Salem, NC), where all ECGs were visually inspected for technical errors and inadequate quality using an interactive computer graphics terminal. The ECGs were first processed by the Dalhousie ECG program and were reprocessed for the present study using the 2001 version of the GE Marquette 12-SL program (GE, Milwaukee, WI). BBBs were classified according to the MC criteria, 11 for complete LBBB (MC-7.1), complete RBBB (MC-7.2, QRS axis >−45 degree), intraventricular conduction defect (IVCD; MC-7.4), and combination of RBBB and left anterior fascicular block (LAFB; MC-7.8, RBBB and QRS axis between −45° and −120°). 11, 16, 17 Global interval measurements were obtained from the quasiorthogonal XYZ leads computed from the standard 12-lead ECGs using the Horáĉek transform. 18 Spatial QRS|T angle (Ѳ(QRS|STT)) was derived as the angle between the mean QRS and STT vectors. Nondipolar QRS voltage (RNDPV) was computed from singular-value decomposition of QRS as the root mean square value of the pooled variance of components 4 to 8. 16, 19 ECG LV hypertrophy was defined by Cornell voltage (RaVL+SV3). 12 Rate-adjusted QT interval was computed as a linear function of the intervals between R waves with separate formulas derived for women with no BBB and for women with BBB (listed in the footnote of Table 1 ).
Because our previous data revealed that some additional repolarization abnormalities were associated with mortality risk among women with BBBs, 20 we also examined their possible added risk for HF.
Statistical Methods
Frequency distributions of ECG variables were first inspected to rule out anomalies and outliers possibly because of measurement artifacts. Descriptive statistics were used to determine mean values, SDs, and percentile distributions for continuous variables, and frequencies and percentages for categorical variables. Cox proportional hazards regression was used to assess the associations of ECG variables with the risk of HF for unadjusted single-ECG variable models and for multivariable-adjusted ECG variable models with an adjustment for demographic and clinical factors (eg, age, ethnicity, body mass index, smoking status, hypertension, diabetes mellitus, history of CVD, hypercholesterolemia, family history of coronary heart disease, systolic blood pressure, heart rate, and study component/arm in hormone therapy/dietary modification/calcium and vitamin D trial participants). In addition to single-ECG variable models, independent ECG predictors for incident HF were identified after considering collinearity between ECG variables. In the group with no BBB, several variables were highly correlated (r>0.5). It was observed that QRS/T angle was functionally a dominant determinant for T amplitudes, and it was highly correlated with T-wave amplitudes in leads of aVR, V1, and V6. These variables were removed, and the remaining ECG variables were entered simultaneously into multiple-ECG variable models first unadjusted for non-ECG variables and then multivariable adjusted for demographic and clinical factors. In BBB groups, few variables were significant predictors in the unadjusted risk models and their correlations were low.
Predictor ECG parameters were first evaluated as continuous variables and then dichotomized for HF risk evaluation, with the upper quintile as the test group and the remaining 4 quintiles as the reference group. This was done to have reasonable sized (20%) test groups. Hazard ratios (HR) were evaluated for increased values of ECG predictor variables (quintile 5) with quintiles 1 to 4 as the reference group (HR=1). However, quintile 1 (decreased or more negative values) was used as the test group for T-wave amplitude in aVL and ST J-point depression in aVL, with quintiles 2 to 5 as the reference group.
All analyses were performed with SAS version 9.2 (SAS Institute Inc, Cary, NC).
Results
Study Group Characteristics
Details of demographic, clinical, and ECG characteristics of the study population are summarized in Table 1 . The mean age for the participants was 63 years (SD, 7.0), 82% were non-Hispanic white, 10% were black, 34% had hypertension, 6.2% diabetes mellitus, and 19% had a history of CVD or ECG evidence of myocardial infarction. BBBs were present in 2.5% (1676/65 975), including 740 participants with RBBB, Figure. A schematic of the decision tree with sequential steps in selection of various subgroups of study population. CVD indicates cardiovascular disease; IVCD, indeterminate type of intraventricular conduction defect; LAFB, left anterior fascicular block; LBBB, left bundle-branch block; and RBBB, right bundle-branch block. and 139 with RBBB combined with LAFB, 680 with LBBB, 117 with IVCD, and a total of 936 participants with the combination LBBB/RBBB&LAFB/IVCD. With the exception of current smoking and family history of coronary heart disease, all other differences between women with/without BBB in demographic, clinical, and ECG variables in Table 1 were statistically significant (P<0.05). During an average 14 years of follow-up, 9.1% of participants with BBB had incident HF and 2.2% in the no-BBB group.
BBBs and Incident HF
The group with no BBB was used as the reference group in evaluating the risk of incident HF by BBB category ( Table 2) . In unadjusted risk model-1, RBBB was a significant predictor of incident HF (HR, 1.78 with 95% confidence intervals 1.25-2.53). Risk levels were substantially higher for other BBB categories: with >5-fold increased risk for LBBB and for RBBB combined with LAFB, and approaching a 6-fold increased risk for IVCD. In fully adjusted multivariable risk model-2, RBBB was no longer a significant predictor of incident HF, but the other BBB categories remained strong predictors with a ≥3-fold increased risk. The risk of incident HF for the pooled LBBB group was comparable with LBBB alone. Evaluating interaction between QRS duration as a continuous variable and BBB categories produced P=0.047 for unadjusted risk model and P=0.037 for multivariable-adjusted model, suggesting that QRS duration may in part account for the differences in incident HF risk between BBB categories.
In view of the high risk for RBBB-LAFB combination, we also considered RBBB combined with left posterior fascicular block. However, there were only 22 women with this combination, and although none of these 22 developed a new-onset HF during the follow-up, the sample size is too low to make any conclusions.
To further evaluate potential influence of QRS duration differences between BBB categories, QRS duration was entered as a categorical variable dichotomized at 140 ms, and risk levels for RBBB and LBBB were compared (Table 3) . Focusing on the multivariable-adjusted risk model, risk levels for RBBB were not significantly higher than for no-BBB group. Risk levels for LBBB were higher at stratification level 120 to 139 ms (HR, 2.99; confidence interval, 1.93-4.62) and particularly at level ≥140 ms than for no-BBB group (HR, 4.32; confidence interval, 3.21-5.83). P values for the interaction term between QRS duration group and the 2 BBB categories were P=0.005 for the unadjusted model and P=0.038 for the fully adjusted multivariable model, indicating again that QRS duration accounts in part for the differences in risk levels between RBBB and LBBB.
Repolarization Abnormalities as Independent Predictors of the Risk of Incident HF
HRs for incident HF for repolarization-related ECG abnormalities are listed in Table 4 for LBBB, RBBB, and no-BBB groups. Independent predictors of incident HF are identified by model-2 and the fully adjusted model-3. Focusing on the fully adjusted risk model-3, QRS duration was an independent predictor of incident HR only for LBBB. Apart from QRS duration, additional independent predictors in LBBB were heart rate, Ѳ(QRS|STT), RNDPV, and ST J-point depression in aVL, with increased risk ≈2-fold for heart rate, Ѳ(QRS|STT) and RNDPV, and 2.5 for ST J-point depression >25 µV in aVL. RNDPV was a strong independent predictor of incident HF in RBBB category, with a >3-fold increased risk. Apart from RNDPV, neither QRS duration nor any other repolarization was a significant independent predictor of incident HF in women with isolated RBBB. Several repolarization abnormalities were independent predictors of incident HF in the group of women with no BBB. These included heart rate, rate-adjusted QT, Ѳ(QRS|STT), and RNDPV, each with an ≈1.3-fold increased risk of incident HF.
Other ECG and Non-ECG Factors as Predictors of Incident HF
Several non-ECG factors were associated independently with the risk of incident HF ( Table 5 ). As expected, CVD at baseline and diabetes mellitus were strong predictors for incident HF in women with and without BBB, and also hypertension was a significant predictor. The variables with independent risk for incident HF in addition to BBBs included atrial fibrillation, with a >3-fold increased risk of HF in both BBB and no-BBB groups. Ischemic ST-T and any major ECG findings according to MC classification were associated with substantially increased risk of incident HF in women with no BBBs. In addition, the presence of ectopic atrial and ventricular complexes at baseline increased the risk of HF by 69% in women with no BBBs and an increase of 167% in women with BBBs.
Discussion
The key findings of our study were the following: (1) LBBB, IVCD, and RBBB combined with LAFB were all strong predictors of incident HF in unadjusted risk model and remained strong predictors in fully adjusted multivariable risk model;
(2) RBBB was a significant predictor of incident HF only in unadjusted risk model; (3) In women with RBBB, RNDPV was a strong independent predictor of incident HF. Apart from RNDPV, neither QRS duration nor any repolarizationrelated ECG variable was a significant independent predictor; (4) In women with LBBB, QRS duration was an independent predictor of incident HF. Apart from QRS duration, additional independent predictors in LBBB were heart rate, Ѳ(QRS|STT), RNDPV, and ST J-point depression in aVL. 
LBBB, QRS Prolongation, and Increased Risk of HF
The fact that QRS duration was a significant independent predictor of incident HF in women with LBBB may have potential clinical implications. We had data on time to HF for QRS duration dichotomized at 150 ms, indicating that in women with LBBB and QRS duration ≥150 ms, the average time to incident HF was 3.6 years and, in women with RBBB and QRS duration ≥150 ms, the average time to incident HF was 4.7 years.
Depolarization sequence at the time of QRS peak is normally directed to inferior-left-anterior. In LBBB, depolarization proceeds from right-anterior to left-posterolateral direction. Repolarization direction is also altered from the normal spatial orientation from superior-right-posterior to inferior-left-anterior. 21 In LBBB, repolarization direction changes from the predominantly reverse normal repolarization sequence and becomes more concordant with depolarization sequence. Delayed activation, particularly of LV posterior and lateral wall, leads into dyssynchrony of ventricular contraction. Delayed LV excitation in LBBB also leads into delayed LV repolarization and relaxation. Dyssynchrony of ventricular contraction and relaxation has become an important consideration in resynchronizing therapy for patients with HF. [22] [23] [24] Chronic dyssynchrony of ventricular excitation may be the main mechanism in electrophysiological remodeling in LBBB.
According to a report by Spragg et al, 25 LBBB radiofrequency ablation in dogs results in significantly reduced conduction velocity and action potential duration in the lateactivated, lateral wall of dyssynchronous hearts compared with the anterior wall. These authors concluded that already in the absence of LV dysfunction, dyssynchrony induces regionally specific changes in conduction and repolarization.
In an earlier WHI study with 9 years of follow-up, RNDPV in women without BBBs was found to be an independent predictor of HF. 8 Similarly, in the ARIC (The Atherosclerosis Risk in Communities Study) study, RNDPV was a significant independent predictor of incident HF in women without BBBs but not in men. 26 Our study results confirm RNDPV as a significant independent predictor of incident HF in women without BBBs (Table 4 ). In our study, RNDPV was also a significant predictor for incident HF in women with BBB, including RBBB. One can speculate about possible mechanisms for the observed excess risk for incident HF for RNDPV when added as a covariate with BBB and repolarization-related variables. Nondipolar components from singular-value decomposition of QRS in the present study may reflect fractionated QRS and sudden shifts in the orientation of depolarization sequence. It is not clear why RNDPV was an independent predictor of incident HF risk in women with normal ventricular conduction but not in men in the previous study cited. 26 
Our Results in Relation to Work Performed by Other Investigators
LBBB has been associated with excess risk of incident HF in some studies. [2] [3] [4] RBBB has not been found to predict incident HF. [5] [6] [7] In a report from the Heart Outcomes Prevention Evaluation (HOPE) trial, baseline LBBB was an independent predictor of HF, sudden death, CVD death, and allcause death, but baseline RBBB was not associated with increased CVD risk. 3, 7 Dhingra et al 1 in Framingham Heart Study with a population of 1759 participants and a 12.7-year follow-up showed that longer QRS duration (≥100 ms) was associated with increased HF risk. Also, Aro et al 27 in their study with a population of 2049 men found QRS duration threshold of 110 ms as an optimal cut point to define a prolonged QRS duration as a risk factor. Our study also showed that women with QRS duration 110 to 119 ms had a near 2-fold risk of future HF using women with QRS duration <110 ms for the reference group (not shown in the table).
Potential Clinical Implications
This large population study in women with specific categories of BBBs demonstrates that more pronounced QRS prolongation in LBBB is associated with increasing risk of incident HF and a shorter time to the onset of HF. Thus, QRS duration in patients with LBBB may warrant consideration for additional diagnostic evaluation and possible preventive action.
Study Limitations
Our study involved only women. Previous studies were performed in men only or did not stratify study population by sex. The question of sex differences in the risk associated with BBBs remains open. We used only hospitalizations to identify incident HF events. Although this is a limitation, consideration of incident HF hospitalizations, relative to incident outpatient HF, is important because of associated disease severity and cost. WHI population includes healthy, postmenopausal women, and our findings cannot be generalized to men or to younger age groups of women.
Conclusions
LBBB, IVCD, and RBBB combined with LAFB are strong predictors of incident HF, but RBBB was not a significant predictor in multivariable risk models adjusted for demographic and clinical factors. In women with RBBB, RNDPV is a strong independent predictor of incident HF. In women with LBBB, QRS duration, heart rate, Ѳ(QRS|STT), RNDPV, and ST J-point depression in aVL were independent predictors of incident HF. QRS duration >140 ms in women with LBBB may warrant consideration as an indication for further diagnostic evaluation for possible therapeutic and preventive action.
